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Abstract 

We discuss the generation of small neutrino masses from effective operators higher than 
dimension five, which open new possibilities for low scale see-saw mechanisms. In order to 
forbid the radiative generation of neutrino mass by lower dimensional operators, extra fields 
are required, which are charged under a new symmetry. We discuss this mechanism in the 
framework of a two Higgs doublet model. We demonstrate that the tree level generation 
of neutrino mass from higher dimensional operators often leads to inverse see-saw scenarios 
in which small lepton number violating terms are naturally suppressed by the new physics 
scale. Furthermore, we systematically discuss tree level generalizations of the standard 
see-saw scenarios from higher dimensional operators. Finally, we point out that higher 
dimensional operators can also be generated at the loop level. In this case, we obtain the 
TeV scale as new physics scale even with order one couplings. 
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1 Introduction 



The evidence for neutrino oscillations can only be understood in terms of massive neutrinos 
(see Ref. [1] for a recent review). In the Standard Model (SM) of elementary particle physics, 
however, neutrinos are massless. The simplest extensions of the SM model to accommodate 
neutrino masses are additions of Dirac or Majorana neutrino mass terms. In order to have 
Dirac mass terms, right-handed neutrinos are required, which are not present in the SM field 
content. For Majorana neutrino masses, lepton number, which is an accidental symmetry 
of the SM, needs to be violated. Therefore, massive neutrinos require physics beyond the 
SM. 

The current upper bound on neutrino masses of the order 1 eV suggests that the neutrinos 
are much lighter than their charged SU(2) counterparts. As far as the different generations 
are concerned, the hierarchy among neutrinos seems to be different from those present in 
the other families of charged fermions, even in the hierarchical case. In addition, compared 
to the quarks, leptons exhibit strong generation mixing. Therefore, theories of neutrino 
mass are expected to account for their smallness as well as for the flavor structure in the 
lepton sector. Though we intend to focus on the former issue in this work, the models we 
consider leave room to be extended by a successful theory of flavor. 

Since neutrino mass requires physics beyond the SM, it is convenient to parameterize the 
impact of the heavy fields, present in the high-energy theory, by the addition of a tower of 
effective operators O d of dimension d > 4 to the Lagrangian. These operators are made out 
of the SM fields, are invariant under the SM gauge group [2,3] (see also Ref. [4]) and are 
non-renormalizable. They parameterize the effects of the high energy degrees of freedom 
on the low energy theory order by order. The operator coefficients are weighted by inverse 
powers of the scale of new physics Anp: 

^ = J%M+^ =5 + ^ =6 + ---, With ^ s(X -L- 4 Q d . (1) 

A NP 

Some of these effective operators result in corrections to the low-energy SM parameters 
and in exotic couplings. As an example, consider the well known case of lepton number 
conserving operators built only with lepton fields and the Higgs. These lead, at d — 6, 
d — 8, etc., to charged lepton flavor violation and non-standard neutrino interactions [5-10]. 

It is also known that there is only one possible operator at the lowest order in the expansion, 
J??Jp 5 , namely, the famous Weinberg operator [2], 

O w = (L c ir 2 H) (Hir 2 L) (2) 

which leads, after Electroweak Symmetry Breaking (EWSB), to Majorana masses for the 
neutrinos (Here L and H stand for the Standard Model lepton doublets and Higgs field, 
respectively). At tree level, Ow can only be mediated by a singlet fermion, a triplet scalar, 
or a triplet fermion, leading to the famous type I [11-14], type II [15-20], and type III [21] 
see-saw formulae, respectively (see also Ref. [22]). Compared to the electroweak scale, the 
mass of the neutrinos in all three cases appears suppressed by a factor v/A^p, where v/y/2 
is the Vacuum Expectation Value (VEV) of the Higgs. Substituting typical values, one 
obtains that the original see-saw mechanisms point towards the GUT scale. 



1 



More recently, however, scenarios in which Anp ~ TeV have drawn some attention since they 
are potentially testable at the LHC and future neutrino facilities (see, e.g., Refs. [22-46] for 
their phenomenology). In these cases, additional suppression mechanisms for the neutrino 
masses are required, and several possibilities open up: 

1. The neutrino mass is generated radiatively. The additional suppression is guaranteed 
by the loop integrals [47-59]. 

2. The neutrino mass is generated at tree level, where additional suppression enters 
through a small lepton number violating contribution (e.g., in inverse see-saw scenar- 
ios, R parity-violating SUSY models and so on [31,33,60-71]). 

3. The neutrino mass is forbidden at d — 5, but appears from effective operators of higher 
dimension [72-77]. 

All these cases lead to neutrino masses suppressed by a scale of new physics much smaller 
than the GUT scale and potentially as small as the TeV scale. In this study, we focus on the 
third possibility, that is, we will assume that neutrino masses come from effective operators 
of dimension higher than d = 5 as a starting point. However, as we will demonstrate in 
Sec. 3, it is possible to find scenarios which naturally contain the second option with the 
lepton number violating parameter suppressed by 1/A NP . In addition, we will show in Sec. 5 
how the three ideas can be combined, to obtain the TeV scale even with order one couplings. 

Disregarding flavor, spinor, and gauge indices, the lepton number violating d = 5, d = 7, 
etc., operators in Eq. (1) that contribute to Majorana neutrino masses are of the form 

O 5 = O w = LLHH (3) 
O 1 = (LLHH)(H^H) (4) 
O 9 = (LLHH) (H^H) (H^H) (5) 



If we assume that the neutrino Yukawa coupling is naturally 0(1), then the masses of the 
neutrinos are roughly given by 

For a typical neutrino mass of the order of electron volt, this relationship gives the energy 
scale of new physics as a function of the dimension d of the operator responsible for neutrino 
masses. If we want to lower the scale of new physics down to that of present or near future 
experiments, Anp ~ 1 — 10 TeV, then d > 9 suffices in case no additional suppression 
mechanism is provided. On the other hand, if Yukawas of the order m e /v ~ 10~ 6 are 
considered natural, then d > 7 is enough. 

It is worth to take a closer look at the complications involved. For that, let D be the 
dimension of the operator that gives the dominant contribution to neutrino masses. In 
order to claim D > 5, we need all relevant operators of dimension d < D to be forbidden. 



2 



Indeed, taking for instance the operator in Eq. (4), it is clear that the (H'H) component 
can be closed in a loop. This leads to the d — 5 Weinberg operator with the additional 
suppression factor l/(167r 2 ) - unless the loop contributions cancel: 

-L (LLHH) (H*H) > ~\7\~2 T~~ ( LLHH ) ■ ( 7 ) 

AnP lOTT ANP 

The latter will be the leading contribution to neutrino masses if 1/ (167r 2 ) > (v /Anp) 2 , that 
is, if Anp > 3 TeV. Note that in both cases Anp < 3 TeV and Anp > 3 TeV, the new physics 
might have implications at the LHC. For a robust model valid in the entire LHC-testable 
range, one should therefore have a fundamental reason — symmetry — to justify the leading 
contribution to neutrino mass. 

We call a dimension d > 7 operator genuine if it is impossible to generate some other 
neutrino mass operator of lower dimension by closing loops. In this work, we seek for a 
genuine operator, which means that we need a symmetry that forbids the appearance of 
neutrino masses at dimension d < D. One can easily see from Eqs. (3) to (5) that the 
symmetry cannot be implemented with SM fields only. This is because the combination 
(WH) is a singlet under any symmetry and therefore, if one operator is allowed, then the 
whole tower must be so. On the contrary, one can slightly enlarge the Higgs sector and 
charge the fields under a new U(l) or discrete symmetry (a so-called "matter parity" [78]) 
that allows a dimension D operator while forbidding all others with lower dimension. 

In this context, the simplest possibilities to enhance the field content of the SM are the 
addition of a Higgs singlet [73,74] 

^r + " = ^LLHH)(S)\ n= 1,2,3,... (8) 

A NP 

or the addition of a Higgs doublet, leading to the Two Higgs Doublet Model (THDM) [72, 
75,79] 

^ C ff =2 " +5 = -^(LLH u H u )(H d H u ) n , n= 1,2,3,.... (9) 

A NP 

More complicated options include, for instance, the next-to-minimal SUSY standard model 
(NMSSM) using two Higgs doublets and a scalar, see Ref. [74]. In this study, we only con- 
sider Eq. (9) within the THDM. However, as we shall discuss elsewhere [80], our mechanism 
can be applied to SUSY models as well. 

We discuss in Sec. 2 the conditions to obtain neutrino masses from genuine effective operators 
of dimension d > 7. Then we show in Sec. 3 several tree level decompositions of the only 
d = 7 operator allowed in both SUSY and the THDM, which describe the smallness of the 
lepton number violating terms naturally. Furthermore, we discuss generic extensions of the 
standard see-saw scenarios in Sec. 4, and we illustrate additional suppression mechanisms, 
such as from even higher dimensional operators or loop suppression factors, in Sec. 5. 
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2 Neutrino mass from higher dimensional operators 



In order to have a genuine dimension D operator to be the leading contribution to neutrino 
mass, we forbid all d < D operators by means of a new U(l) or Z n symmetry. We assign 
matter charges q (see, e.g., Refs. [78,81]) to the new fields H u (qH u ), H d (qn d ), and the SM 
fields, i.e., the lepton doublets L right-handed charged leptons E quark doublets 
Q (<?q), right-handed up-type quarks U (qu), and right-handed down-type quarks D (qo)- 

For the following discussion, we show the charge assignments assuming a discrete Z n sym- 
metry Note, however, that the effective operators can be controlled as well by a new U(l) 
symmetry. If that is the case, additional (unwanted) Goldstone bosons may appear after 
the spontaneous breaking of the electroweak and U(l) symmetry. As we will discuss later, 
this can be avoided by breaking the U(l) explicitly, either by an enhanced scalar sector, or 
by a soft breaking term. Since the actual implementation of this U(l) breaking depends on 
the model, we will not touch it in this section, and focus on the discrete symmetries for the 
moment. 

We list the possible d — 5, d — 7, and d = 9 effective operators that generate neutrino mass 
together with the charge of the effective interaction in Table 1. Obviously, not all of the 
charges are independent, which we illustrate by giving each independent condition a number 
(second-last column) . Genuine operators are precisely the ones whose charge is independent 
from all those of lower dimension. For instance, at order d = 7, the only possible genuine 
operators are #4 and #11. At d — 9, there are again only two possibilities, operators #12 
and #26. In the following, we will use operator #4 as an example, since it is the simplest 
realization of our mechanism which is allowed in both the THDM and SUSY. Note that in 
SUSY models, only the operators with the column "SUSY" checked are allowed because of 
the holomorphy of super-potential. 

In order to have operator #4 as leading contribution, we need to allow this operator by the 
condition on the Z n charges 

(2<?l + q Hd + 3g H J mod n = (10) 

and suppress all lower dimensional operators and all other d = 7 operators by charging them 
as (c/., Table 1): 

(2q L + 2q Hu ) mod n ^ , (11) 
(2q L -qH d + q Hu ) mod n ^ , (12) 
(2q L -2q Hd ) mod n + , (13) 
(2q L -3q Hd -q Hu ) mod n ^ . (14) 

In addition, we have to allow the ordinary Yukawa interactions which requires 1 

(qE + qL + qH d ) modn = 0, (15) 



1 Note that E — (er) c , U = (ur) c , and D = {<Ir) c . We assume Yukawa interactions of the THDM type 
II (and MSSM) in which Higgs-mediated flavour changing neutral current processes are suppressed [79]. 
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SUSY 


Op.# 


Effective interaction 


Cond.# 


Charge of effective int. 


dim. 5 


/ 


1 


LLH U H U 


1 


+ 2q Hu 






2 


LLE* d E u 


2 


2<1l ~ qH d + qH u 






3 


LLH* d H* d 


3 


2q L - 2q Hd 


dim. 7 


/ 


4 


LLH u H u H d H u 


4 


2q L + qu d + 3q Hu 






5 


LLH u H u H d H d 


1 


2?l + 2q Hu 






6 


LLH U H U H*H U 


1 


2Ql + 2q Hu 






7 


T T T T rr 7" 7~ T_T 

LLn d n u u d u d 


2 


2Ql ~ qn d + qu u 






8 


LLH d H u H*H u 


2 


2?l - qn d + qu u 






9 


LLH* d H*H*H d 


3 


2q L - 2q Hd 






10 


t t j j * zi_r* zi_r* zi_r 
LLti d ti d ti u ti u 


3 


2q L - 2q Hi 






11 


LLH d H d H u H d 


5 


2q L ~ 3q Hd - q Hu 


dim. 9 


/ 


12 


LLH u H u H d H u H d H u 


6 


2<?L + 2q Hd + 4q Hu 






13 


LLH u H u H d H u H d H d 


4 


2Ql + qn d + 3qu u 






14 


LLH u H u H d H u H*H u 


4 


2?l + q Hd + 3qn u 






15 


LLH u H u H d H d H d H d 


1 


1q L + 2q Hu 






16 


LLH u H u H d H d H*H u 


1 


2<?l + 2q Hu 






17 


LLH U H U H*H U H*H U 


1 


2q L + 2q Hu 






18 


LLn d H u tL d H d tL d tL d 


2 


2?l - qu d + qu u 






19 


T T T T ■■' T T T T T T TLX* T T 

LLn d n u n d n d H u H u 


2 


2?l - qn d + qu u 






20 


T T T T ■■' T T T T T T T T T T 

LLH d tL u tL u tL u H u tL u 


2 


2?l - q Hd + qu u 






21 


1 1 I 1 ^ I—I ^ I—I ^ l—l I 1 ^ l—l 

LLH d ti d ti d ti dii d H d 


3 


2q L - 2q Hd 






22 


T T II* II* II* II II* II 

LLH d H d H d H d tL u H u 


3 


2q L - 2q Hd 






23 


T T II* U* II* U U* U 

LLti d ti d ti u ti u ti u ti u 


3 


2q L - 2q Hd 






24 


T T II* II* II* II* II* II 
LLH d H d H d H u H d H d 


5 


2q L ~ 3q Hd - q Hu 






25 


I I II* II* II* II* II* II 
LLH d H d H d H u H u H u 


5 


2q L ~ 3q Hd ~ q Hu 






26 


LLH* d H* d H* u H*H* u H* 


7 


2q L ~ AqH d ~ 2q Hu 



dim. 11 



Table 1: Effective operators generating neutrino mass in the THDM. In SUSY models, only the operators 
with the column "SUSY" checked are allowed because of the holomorphy of super-potential. In the last 
two columns, we show the charge of the effective interaction with respect to our discrete symmetry, and we 
number the independent conditions. 

(QD + qQ + qH d ) mod n = , (16) 
(qu + qg + quj modn = 0. (17) 
Without loss of generality, we fix the charge of the quark doublet to be g<g = 0. 

We have tested all possibilities for charge assignments and discrete symmetries systemati- 
cally in order to identify the simplest possibility in terms of group order (we do not consider 
group products). It has turned out that a Z 5 symmetry is the simplest one, with, for 
instance, the following charge assignments 

qH u = , q Hd = 3 , q L = l, q E = 1 , qq = , q v = , q D = 2 . (18) 
For operator #11, we also obtain Z 5 as option with the lowest group order. For the d — 9 



5 




Figure 1: Tree level decompositions of the dimension seven operator LLH u H u HdH u (#4 in Table 1) for 
neutrino masses leading to inverse see-saw scenarios with entries in the (3,3) element (a) and (1,3) element 
(b). Here N' L and Nr refer to SU(2) singlet fermions, to a singlet scalar, and <!> to a doublet scalar. 

operators #12 and #26, we need at least a Z7. If SUSY is implemented, both operators #4 
and #12 can be realized within a Z3. Note that the charge assignments are not unique. 2 

From the discussion above, it should be clear that these operators can be generated at 
tree level, which we consider in the following two sections. The discrete symmetry (matter 
parity), which we have introduced, must be broken by the Higgses taking their VEVs, 
because the effective Majorana mass terms obviously violate the Z5. Note, however, that 
this symmetry is not the same as lepton number. This can easily seen by the effective 
operator (#1) 5 made from operator #1 in Table 1. This operator is obviously invariant 
under the Z 5 , but it violates lepton number. 

3 Inverse see-saw mechanisms with naturally suppressed lepton 
number violation 

So far we have only discussed the effective operators and the necessary conditions to have a 
genuine d > 5 operators as leading contribution for neutrino mass. We show in this section 
several examples to illustrate the completions of the theory at high energies. 

We consider see-saw-like models of the fermionic type. It is easy to convince oneself that 
the simplest cases, such as the type I see-saw, can not produce a genuine D > 7 opera- 
tor. 3 Hence, we focus on tree level decompositions of d — 7 operators which require the 

2 There are 3x2 = 6 possibilities for Z3, 5 x 4 = 20 possibilities for Z5, 42 = 7 x 6 possibilities for Z7, 
etc., because the first assignment is always arbitrary, the second is also arbitrary but cannot be hypercharge 
(one possibility subtracted), and the rest is determined by these two. 

3 The type I see-saw implies the introduction of the right-handed heavy Majorana mass term and the 
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addition of two extra fermion singlet fields N Ra and N' L . This leads to an inverse see- 
saw-like structure [61,62,64] of the neutral fermion mass matrix of the form (in the basis 
{yl N R N' L C )): 

( (Yj)v e(Y?)\ 
M u = {Y„)v // A NP . (19) 
\e(Yl) A NP n J 

Here e, /i, and // are typically assumed to be small parameters, because they are responsible 
of the lepton number violation (for the e-term, see also Refs. [22,82]). 

With only Nr and N' L added to the SM, the interactions leading to the mass matrix in 
Eq. (19) can only be obtained via non-renormalizable operators. Indeed, assuming the 
charge assignments in Eq. (18), the only renormalizable term that can be written is 

~NrY u H u it 2 L + H.c. (20) 

with qjy R = Qn' l = 1 in order to conserve the Z 5 symmetry. Now constructing, with the SM 
fields plus N R and N' L , the possible effective operators that respect the Z 5 symmetry, one 
obtains the d — 5 operators 

A 1 ' H d \T 2 H v )N R ~N R + -^(H d ir 2 H u )N£N' L + H.c, (21) 



7Vnp ii-NP 

and the d — 6 operator 



^-(H d ir 2 H u )N' L XH u ir 2 L + H.c, (22) 



A N p 



where Anp is the higher energy scale. Matching these with Eq. (19) leads to 

/^T^<#X°>, ^ = T^-(#W>, e=£-(H«)(HZ) 2 . (23) 

Vi-NP ^NP 

In order to generate those coefficients through renormalizable interactions, extra scalar fields 
need to be added, which masses will define A N p. From Eqs. (21) and (22), it is clear that, 
at tree-level, the same field that generates the operators in Eq. (21) cannot generate the 
operator in Eq. (22). In other words, depending on the decomposition, the //-term or the 
e-term will be generated, but not both simultaneously. 

In the following, we will show fundamental theories which predict a small lepton number 
violating (LNV) ji- or e-term suppressed by the new physics scale. The diagrams generating 
neutrino mass are shown in Fig. 1. 



3.1 Decomposition (a): The /^-term 



For the decomposition (a) in Fig. 1, we introduce two chiral fermions, singlets of the SM: Nr 
(right-handed) and N' L (left-handed), and a SM singlet scalar 0. The relevant interactions 

Yukawa interaction with the lepton doublet. If the Yukawa interaction is present in the theory, the right- 
handed Majorana mass term has to be obviously forbidden, because otherwise the usual d — 5 operator is 
generated. Without the Majorana mass, however, no suppression is obtained. Therefore, at least one more 
fermionic field is required, and the fcrmionic fields need to form a mass term. 
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are then given by 



& =^su + [{Y u ) aa {N R ) a H u \r 2 L a + Kab {N'£) a (N' L ) b (j> + ^*H d \r 2 H u + (N R ) a M ab (N' L ) b + H.c.] 
+ M|0*0 + ---. (24) 

The mass matrix for the neutral fermion fields can be summarized as 

/ (Yj) ab (H° u ) \ / u Lp \ 

K a N Ra (N' L %) (Y u ) a p(H° u ) M ad (N^ + H.c., 

2 V (M T ) cfe (A-'UH^J V iVL / 

(25) 

similar to the inverse see-saw one in Eq. (19) with the //-term as source of LNV. Here 
the Majorana mass term for N' L arises after the spontaneous breaking of the electroweak 
symmetry (and the matter parity) with the coefficient 

(A-% = 2^ ~ O ( J-) 

suppressed by the new physics scale. 
The effective neutrino masses are then given by 

m v = ^YJiM-^A-'M-^ ~ O , (27) 

where w u = y/2(H°) and w d = v^(^5). If we assume Anp ~ 1 TeV and m v ~ 1 eV, then we 
have the Dirac mass term for the N r -ul interaction with Y v v u ~ 10 MeV, which is smaller 
than in the ordinary see-saw scenario but of the same order as the charged lepton masses, 
i.e., Y v is not extremely small in comparison with the other fermion Yukawa couplings. 

In order to have the interactions in Eq (24) and to forbid the Majorana mass term for 
the SM singlet fermion N R and the Yukawa interaction with N' L , we assign the following 
charges 4 under a Z 5 : 

Qh u = , q Hd = 3 , q L = 1 , q NR = q N > L = 1, q<p = 3 . (28) 

Note that we cannot forbid the interaction N R N R <p by any charge assignment, which means 
that the (2,2) element (//-term) in Eq. (25) may actually be non-zero, but suppressed with 
respect to the Dirac masses of iV^ and N' L . Nevertheless, such a Majorana mass term M R 
for N R gives a contribution to neutrino masses proportional to (f 4 vjM fi )/(M 4 A^ p ), which 
is of second order, and can thus be omitted from this discussion. 

It is interesting to compare our approach to the original inverse see-saw model. In the 
original model, the texture of the mass matrix is justified by the lepton number symmetry 
with the charge assignment L(vl) = 1, L(N R ) = 1 and L(N' L ) = 1. Then, the Majorana 
mass term of the N' L field (the /x-term in Eq. (19)) is introduced by hand and its smallness is 

4 Note that allowing the Yukawa interaction in Eq. (24), together with Eq. (11) automatically gives the 
necessary conditions to forbid these two terms. 



(26) 
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justified by the fact that it is the only lepton number violating quantity. In our model, the 
texture of the mass matrix is determined by the Z 5 symmetry. Moreover, the Majorana mass 
for the N' L field is generated after electroweak symmetry (and matter parity) breaking and 
is naturally small since it is suppressed by the scale of new physics A NP . We thus implement 
what is sometimes called "double see-saw" rather than inverse see-saw. Indeed we have one 
see-saw mechanism which generates a small Majorana mass for the new fermion singlet N' L 
suppressed by A NP , and another one which generates small neutrino masses suppressed by 
M. 

In fact, this model, defined by the SM Lagrangian plus the interactions displayed in Eq. (24), 
has more than a Z 5 symmetry: it is also invariant under a new U(l) symmetry. 5 This is 
potentially dangerous since the breaking of the electroweak symmetry also breaks this U(l) 
symmetry leading to a massless Goldstone boson. However, this can be avoided by an 
enhanced scalar sector, provided the term 

, (29) 

appears in the effective Lagrangian after integration of the degrees of freedom of some 
high energy theory (here denotes the typical scale). We do not provide such a theory 
here explicitly since it is not directly relevant for the generation of neutrino mass in this 
context. Neverthless, we have checked that one can have an enhanced scalar sector to 
produce Eq. (29) in this model, without having massless Goldstone bosons and unwanted 
tadpole of additional scalars at the same time. Instead, we refer to Sec. 5 for an explicit 
model where neutrino masses depend crucially on the breaking of some U(l) symmetry 
down to Z 5 . 

As an alternative, one can introduce a soft violation of the U(l) symmetry (and also Z 5 ) 

y soh = m 2 3 H d ir 2 H u + H.c. , (30) 

where 7723 is assumed to be the electroweak scale. This term is generally introduced in the 
THDM as the soft breaking term of Z 2 to forbid FCNC (Flavor Changing Neutral Current) 
processes [87, 88]. The introduction of this soft term makes the Higgs phenomenology 
MSSM-like. With this term, the Goldstone boson obtains the mass proportional to m 3 , 
which is identified with the CP odd Higgs boson, A , in the THDM and the MSSM. This 
soft term also affects neutrino masses since it explicitly violates Z5, which implies that the 
dimension five Weinberg operator must appear at the loop level by insertion of that term 
inside a loop. Note that the loop diagram is constructed by closing the Higgs propagators 
of the dimension seven operator LLH u H u H d H u . Therefore, it has to be proportional to the 
dimension seven contribution (c/., Fig. 2). The size of the contribution is estimated as 

' ' LLH U H U ), (31) 



167T 2 A3 p 



5 The new symmetry neither corresponds to lepton number nor hypercharge. It contains Z5 which is often 
called "matter parity". With respect to the Higgs potential, it plays the same role as the Peccei-Quinn 
symmetry [83-86]. 
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Figure 2: One loop contribution with the soft breaking term of Eq. (30). It is constructed by the 
soft breaking term and the dimension seven operator which is allowed by the symmetry. Therefore, it is 
proportional to the dimension seven operator. The size of the operator is estimated as Eq. (31), and it is 
expected to be always smaller than the dimension seven contribution by the loop suppression factor. 



which is still suppressed with respect to the tree level dimension seven contribution by the 
loop suppression factor. Therefore, the introduction of a soft term would not disturb our 
main line of argumentation. 6 



3.2 Decomposition (b): The e-term 



For the decomposition (b) in Fig. 1, we introduce two chiral fermions, singlets of the SM 
model N R (right-handed) and N' L (left-handed), and a SU(2) L doublet scalar $. We then 
need the following relevant interactions: 



=2f — =^SM + 



(Y u ) aa (N R ) a H u ir 2 L a + (Yl) aa (N'£) a &L a + C{(H d iT 2 H u )(<S>w 2 H u )} 



+ (N R ) a M ab (N' L ) b + R.c. 
These lead to the mass matrix 





(32) 



^=l^i a N Ra ( N 'l)c) 



(YJU(H° U ) 


(M T ) cb 



C(yj T )ad 



H» d )(Hy\ 

M ad 

/ 




with a non-trivial (1,3) element (e-term in Eq. (19)) again suppressed by the new physics 
scale. The joint presence of the three entries violates lepton number and yields the neutrino 
mass 



4M| 



(YjM-X + Y^ r (M~ 1 ) T Y v ) ~o(^ 



A 3 



(34) 



A contribution of the same order of that of the case we considered previously. 



6 Note that compared to the loop contributions from closing the H^H loop, there is factor of m§ in the 
numerator compared to A^ P , which means that this contribution is effectively suppressed as strong as the 
one loop d — 7 operator instead of the one loop d — 5 operator. Therefore, our usual argumentation (in the 
introduction) on closing the loops does not apply. 



+ H.c. 
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Topology 1 Topology 2 Topology 3 Topology 4 



Figure 3: Possible topologies for the tree level decomposition of the dimension seven operator 
LLH u H u HdH u . The dashed lines denote always scalars (scalar mediators or the Higgs doublet). The solid 
lines in Topology 1, 2, and 4 should be interpreted as fermions or scalars depending on the decomposition. 

The conditions on the charges imposed by the fundamental interactions can be implemented 
by the following assignments under a Z5: 

Qh u = , q Hd = 3, q L = 1 , q NR = q N > L = 1, g$ = 2 . (35) 

This model is also a double see-saw but involves the product of two Dirac masses, contrary 
to the previous case where Majorana masses were involved. Again, the U(l) has to be 
broken explicitly. 

4 Generalization of standard see-saws 

Here we show all possible decompositions of the dimension seven operator LLH u H u HdH u 
(#4 in Table 1) at tree level. We do not go into the details of the models, such as the 
Lagrangian and the matter parity conditions to implement it. Therefore, these results 
should be interpreted as the necessary conditions to find tree level neutrino mass models 
from this dimension seven operator. For the new fields, we follow the notation in Ref. [8]. 
They are denoted by Xy, where 

• X denotes the SU(2) nature, i.e., singlet 1, doublet 2, or triplet 3. 

• C refers to the Lorentz nature, i.e., scalar (s), vector (v), left-handed (L) or right- 
handed (R) chiral fermion. 

• Y refers to the hypercharge Y = Q — I™ ". 

The possible topologies of the Feynman diagrams are shown in Fig. 3. 

We present our results in Table 2. In this table, we show the decompositions of all possible 
combinations leading to the effective operator LLH u H u HdH u . 

The decompositions which we have discussed in Sec. 3 are #1 and #13 in the table. The 
table is useful to read off the potential models for any possible set of mediators. For example, 
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Phenom. 


# 

1 


Operator 

1 ZJ ;-lTr\(TJ :'1t\(tj • 2 u \ 


Top. 

1 


Mediators 
iR iL -is 


NU 6g L U 



(H u iT 2 TlS)(H u iT 2 L)(H d iT 2 TH u ) 

{H u iT 2 fL-){H u W 2 fL)(H d iT 2 H u ) 
{-ie abc ){H u iT 2 T a L c )(H u iT 2 T b L)(H d iT 2 T c H u ) 
(L-iT 2 fL)(H d iT 2 H u )(H u iT 2 fH u ) 



2 
2 
2 
2/3 



*-0 ' -"-0 ' -"-0 
oii oL i ii iL os 
°0 ' °0 -"-0 ' - L ' °0 

O-R qi 
! °0 ! 



L o 



3i? qL os 
) °0 ) °0 

OS OS /-is 



/ 



6 


(-ie abc )(L-iT 2 T a L)(H d iT 2 T b H u ){H u iT 2 T c H u ) 
(H u W 2 L-){LiT 2 fH d )(H u iT 2 fH u ) 

{-ie abc )(H u iT 2 T a L c )(LiT 2 T b H d )(H u iT 2 T c H u ) 
(H u iT 2 L-)(iT 2 H u )(L)(H d ir 2 H u ) 


2/3 


31 1, Sii/Sg 




/ 


7 


2 


1 -R ii qii qL os 
L o ) -"-0 > °0 ' °0 i °-l 


/ 


/ 


8 


2 


0-R oi O-R qL os 

°0 > °0 ) °0 i °0 j °-l 


/ 


/ 


9 


1 


1 -R iL nfi nL -i s 

x 0i 1 0i z -l/2' -l/2> ± 


/ 




10 


(H u ir 2 fL-) (it 2 tH u )(L) (H d iT 2 H u ) 


1 


O-R qL nii nL -i s 

°Q ) a j Z -l/2' -1/2' A 


/ 


/ 
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(H u iT 2 L-)(W 2 H u )(fL) (H d W 2 TH u ) 


1 


1 R -i L oii <yL os 

4) z -l/2' -1/2' a 


/ 






12 


(H u iT 2 T a L c )(iT 2 T a H u )(T b L)(H d iT 2 T b H u ) 


1 


q-R oL oii nL os 
°0 > °0 > z -l/2' -l/2> °0 


/ 


/ 




13 


(H u it 2 L c )(L) {it 2 H u ) (H d ir 2 H u ) 


1/4 


•i ii i L os fi») 
A > z -l/2' k A oJ 


/ 






14 


(H u iT 2 TLc)(TL)(iT 2 H u )(H d iT 2 H u ) 


1/4 


3o ? , 3q , 2 s _ 1 / 2 , (lo) 


/ 


/ 




15 


(H u iT 2 L-)(L)(iT 2 TH u )(H d iT 2 TH u ) 


1/4 


1 .R ll OS /OS\ 

A ' - L ' z -l/2> v°0J 


/ 






16 


{H u \T 2 T a L-){T a L){lT 2 T b H u ){H d \T 2 T b H u ) 


1/4 


3o > 3 , 2f_ 1 ^ 2 , (3q) 


/ 


/ 




17 

18 


(H u iT 2 Lc)(H d )(iT 2 H u )(H u iT 2 L) 
(H u ir 2 rL-)(TH d )(iT 2 H u )(H u ir 2 L) 


1 
1 


1 -R i L oii oL 
A ' A 0! z -l/2' -1/2 
•iK oi nfl oL I -R -I L 
°0 > °0 j z -l/2' -1/2' -"-0 ) ± 


/ 
/ 


/ 




19 


(H u \T 2 L c )(H d )CiT 2 fH u )(H u iT 2 TL) 


1 


-i .R i L o-R oL oii nL 

± ' - L j z -l/2' -1/2' °0 > a 


/ 


/ 




20 


(H u iT 2 T a L c )(T a H d )(iT 2 T b H u )(H u iT 2 T b L) 


1 


q-R qL oii oL 

°0 ! °0 ! Z -l/2' -1/2' 


/ 


/ 




21 


(TSiT 2 T a L)(H u iT 2 T a )(T b H d )(H u iT 2 T b H u ) 


1/4 


3f-n 2 +1 / 2 ) (3f_i) 






/ 


22 


(L-iT 2 T a L) (H d iT 2 T a )(T b H u )(H u iT 2 T»H u ) 


1/4 


^-l i 2+3/2' (3?-l) 






/ 


23 


(L c iT 2 fL){H u \T 2 T){H u ){H d iT 2 H u ) 


1/4 


3-1; 2 +l/2' (lo) 






/ 


24 


(L c lT 2 T a L)(H u \T 2 T a )(T b H u )(H d \T 2 T b H u ) 


1/4 


3f-i 5 2 +1 / 2 , (3§) 






/ 


25 


{H d iT 2 H u )(L c iT 2 )(TL)(H u iT 2 TH u ) 


1 


-i s nL oii os 

4' ^+1/2' Z + l/2> a -l 








26 
27 
28 
29 


(H d iT 2 T a H u )(I7iT 2 T a )(T b L)(H u iT 2 T b H u ) 

(H u iT 2 L-)(iT 2 H d )(rL)(H u iT 2 rH u ) 

{H u W 2 T a L c )(lT 2 T a H d ){T b L){H u lT 2 T b H u ) 
(H u lT 2 L-){L)(lT 2 TH d )(H u iT 2 TH u ) 


1 
1 
1 

1/4 


°0' Z +l/2' Z + l/2' °-l 
I -R iL oii nL os 

J-O' ^+1/2' ^+1/2' °-l 
oii qL oii oL os 
a i °0 ) ^+1/2' ^+1/2' °-l 
-i -R -i L os /os \ 
J-0 ' L ' z + l/2' J 


/ 
/ 
/ 


/ 




30 


(H u iT 2 T a L-)(T a L)(iT 2 T b H d )(H u iT 2 T b H u ) 


1/4 


3?' 3q, 2^ 2 , (3f_ 1 ) 


/ 


/ 




31 
32 


(L-ir 2 T a H d )(iT 2 T a H u )(T b L)(H u iT 2 r b H u ) 

(L c iT 2 T a H d )(T a L)(W 2 T b H u )(H u iT 2 T b H u ) 


1 

1/4 


qL oii oL oii os 
°+li °+li Z + l/2> Z + l/2' J -l 

3+ii 3+i) 2f_ 3 / 2 ) (3f_i) 


/ 
/ 


/ 
/ 




33 


(L c iT 2 fH d ){iT 2 fH u )(H u ){H u iT 2 L) 


1 


qL oii oL oii iL iii 
a +li °+l) z -3/2' -3/2> - L ' - L 


/ 


/ 




34 


(L^T 2 T a H d )ClT 2 T a H u )(T b H u )(H u \T 2 T b L) 


1 


qL q-R nL oii qL q-R 
a +li J + l) z -3/2' z -3/2' J ) °0 


/ 


/ 





Table 2: Decompositions of the effective dimension seven operator LLH u H u H d H u . The brackets in the 
operators show the fundamental interactions, i.e., each operator corresponds to a Feynman diagram with 
the topology listed in the 3rd column (c/., Fig. 3). The fourth column shows the SM quantum numbers of 
the required mediators, where each symbol represents a separate new field. The abbreviation " X /Y" means 
that either X or Y or both are different possibilities, depending on the topology, whereas the abbreviation 
"(X)" means that X is optional, depending on the topology. The last columns indicate the phenomenology 
one may expect in this model, where "NU" stands for non-unitarity of the lepton mixing matrix, "<5(/l" for 
a shift of the neutral current coupling with charged leptons, and "4f for charged lepton flavor violation or 
non-standard neutrino interactions. 
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one can read off from Table 2 the generic realizations 7 of the standard type I, II, and III 
see-saw mechanisms by using their field content and additional mediators: 

Type I (fermionic singlet mediator) Operators #1, #13, #15, and #29 are simple 
generalizations. In fact, our decompositions in Sec. 3 represent some of the simplest 
possible generalizations of the type I see-saw mechanism, which require only three 
types of new fields in total. 

Type II (scalar triplet mediator) Operators #5, #6, #21, #22, #23, and #24 are the 
simplest possibilities. For example, #5 requires an additional triplet scalar and/or 
singlet scalar. 

Type III (fermionic triplet mediator) Operators #3, #4, #14, #16, #30 are possible 
options. For example, operator #3 is the natural type III counterpart of the inverse 
see-saw mechanism in the previous section. 

One can also reads from Table 2 that some decompositions are combinations of different 
types of see-saws: for example operator #2 can be viewed as a Type I + Type III see-saw. 
Note that the decomposition shown in Ref. [76] does not appear in Table 2 because we 
concentrate on the decomposition with SU(2) L singlet, doublet, and triplet mediators. 



5 Additional suppression mechanisms 



In this section, we qualitatively sketch options for additional suppression mechanisms com- 
pared to the simplest possibility, the tree level decompositions of the d = 7 operators. For 
this discussion, it is useful to consider the following expansion of the effective operators, 
where =^j= D stands for the dimension D contribution to the A;-loop correction: 



+ 



Anp 
1 

A3 - 



?(2) 



(2) 



+ 



A 5 



.(2) 



+ 



+ 



A 7 



,(1) 



.(2) 



(36) 



In general, the vertical expansion is controlled by the new symmetry, whereas the horizontal 
expansion is suppressed by the loop suppression factor. If, for instance, we go to d — 7, 

7 By generic realization we mean a decomposition which includes one or two copies of the original mediator 
(1q^ L for the Type I see-saw, 3 S _ 1 for the Type II see-saw and 3^ L for the Type III see-saw) plus extra 
scalar mediators. 
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H d H u H d H u 
\ f \ / 

Nr n* n* n r 




(c) 



S 



r 

. — 4- 



si 



5 



JV* N' L N' L N R 
(d) 



4 — - 



Figure 4: Left panel: A possible tree level decomposition of the dimension nine operator 
LLH u H u HdH u HdH u for the generation of neutrino mass. It can also be interpreted within the inverse 
see-saw framework. Right panel: A possible two loop decomposition of the dimension seven operator 
LLH u H u HdH u . 



we can switch off the first row in Eq. (36) by imposing a new U(l) symmetry, and there is 
no need to worry about loop contributions at d = 5. In this case, Jif d % gives the leading 
contribution for neutrino mass generation, as it was used the previous two sections. 

However, if one wants to implement additional suppression from higher dimensional op- 
erators either in the horizontal (loops) or vertical (higher d) direction, it is necessary to 
ensure that the discussed contribution is the leading order effect. For instance, it is a priori 
not clear which of the operators SJfj^ 7 and J??}% gives a larger contribution if both are 
allowed. As already discussed in the introduction, if l/(167r 2 ) > (t>/A NP ) 2 , or A NP > 3TeV, 
one would generically expect that the loop contributions are larger than the ones from the 
higher dimensional operators. However, a too low new physics scale ~ TeV may be poten- 
tially harmful for a loop model if there are higher dimensional tree level contributions. We 
will discuss a two loop model from 5=£? d=7 in Sec. 5.2. Since there is no contribution from 
i?j! } 7 , 6&}% and in this model, it gives the leading contribution to neutrino mass for 
Anp <i 3 TeV. If Anp < 3 TeV, Jtf&^u and <5=£fj= 9 have to be avoided as well. Furthermore, 
we show an example for d = 9 from in Sec. 5.1. 

5.1 Higher than d = 7 at tree level 

Here we qualitatively sketch an example of neutrino mass generation from (d = 9, 

tree level). The relevant diagram, corresponding to #12 in Table 1, is shown in Fig. 4 (c). 
We introduce two SM singlet chiral fermions (right-handed) and N' L (left-handed), and 
two SM singlet scalars <fi and (p. The interaction Lagrangian is given by 



(Y u ) aa (N R ) a H u ir 2 L a + K ab (N'£) a (N' L ) b (J) + W *H d ir 2 H u + u<p<p<f>* 
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+ (N R ) a M ab (N' L ) a + H.c.J + M|0*0 + M^V + • • • • (37) 
It can be implemented by the following charge assignments under a Z 7 (c/., Sec. 2): 

Qh u = , = 6 , g L = 1, ?JVfl = ^ = 1 , 5 V = 6 , = 5 . (38) 
If the scalars are integrated out, we obtain the inverse see-saw mass matrix with a //-term 

, _ _ / (Yj) ab (H° u ) \ / ^ \ 

* = 9 fa« tffl- W)J (^M#°} M a , (JV£) 6 +H.c. 

(39) 

with 

(A-)- - 2 Koi ^ ~o(£). (40) 

Now the //-term is suppressed by A^p and the LNV parameter k, i.e., extremely small. 
Neutrino mass, of course, acquires additional suppression from M. 

5.2 Two loop generated d = 7 operator 

Here we show an example for neutrino mass generation from 8Jj?j= 7 . s This possibility is a 
very neat example, because all the different concepts from the introduction to reduce the 
new physics scale are implemented at once: radiative generation of neutrino mass, small 
LNV parameter, and neutrino mass generation from a higher dimensional operator. In all 
the previous examples, the resulting Lagrangian had a full (new) U(l) symmetry instead of 
a Z n , and the U(l) had to be broken by a sector which is independent of neutrino mass. In 
this example, we will demonstrate that the neutrino mass emerges from the breaking of the 
U(l) to the Z n . 

We introduce two SM singlet chiral fermions N R and N' L , and two SM singlet scalars and 
S: 

% =^SM + [{Y N ) aa (TQ a H\L a + («! W(Af)a(A^ + Mab<f>(K C )a(N' L )a 

+ fiS*H d ir 2 H u + (NR) a M ab (N' L ) b + H.c] - V{H U , H d , 0, S) . (41) 

The relevant part of the scalar potential is given by 

Y(H U , H d , 0, S) = [Ai50 3 + mS*^ + A 2 S 3 0* + H.c] + M 2 S S*S + Mj0*0 + • • • . (42) 

Let us focus on the terms in the bracket in Eq. (41): These terms respect three independent 
U(l) symmetries, which can be identified with hypercharge, lepton number and an additional 



8 Anothcr realization of the loop suppressed inverse see-saw with an extended Higgs sector is shown in 
Rcf. [89]. 
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(new) U(l) symmetry. Since lepton number is conserved in this sector of the Lagrangian, 
no operator can be written for neutrino masses. On the other hand, the scalar potential in 
Eq. (42) violates all continuous symmetries but hypercharge, while respecting Z 5 . Neutrino 
masses are therefore only allowed in the presence of the scalar potential, which violates 
lepton number and the new U(l). In fact, the scalar potential in Eq. (42) just generates the 
effective U(l) breaking term in Eq. (29) after integrating out the S field. 

In the following, we choose the Z 5 charges 

Qh u = , q Hd = l, Ql = 2, q NR =q N , L = l, q<p = 3 , q s = 1 (43) 

to implement the Lagrangian in Eq. (41) leading to neutrino mass from operator #4 in 
Table 1, while operators #1 to #3 are forbidden. 

Now the mass matrix for three types of neutral fermions can be written as 



2 V La 



N Ra (N' L %) 



I m (2 " loop) 
(Y N ) aP (H° d *) 

V (^)£ Ioop) 



(M T ) cb 



/(tree) 



0*\ 



ad 

M ad 

(tree) 



t*cd 




Assuming that 



M s ^ .U, /i ,\[ .\ 



NP 



we can estimate the elements as 



m 



(2-loop) 

va.fi 



/^(1-loop) 

c/3 



(tree) 



/(tree) 



(167T 2 ) 2 A NP 



\ 2 [Y^{M J )- 1 a 2 M- 1 Y N } a ^ 



3„,3 



' A 5 



A2(«2) 



cd ■ 



,3„,3 



A 5 



a;k) 



ab- 



+ H.c. 

(44) 

(45) 

(46) 
(47) 
(48) 
(49) 



The two-loop contribution to neutrino masses comes from the diagram shown in Fig. 4 (d). 
The one-loop contribution to e-term can be obtain by cutting a propagator of Hd in Fig. 4 
(d) and giving the VEVs to the end of the cut propagator. Assuming the parameters a 2 
and A2 are 0(1), we find that in order to obtain neutrino masses of the order of the eV if 
A N p ~ lOTeV. 

Notice that the order of magnitude result of Eqs. (48) and (49) takes into account the fact 
that the scalars S and acquire VEVs, after electroweak symmetry breaking, due to the 
mixed terms in the Lagrangian. These VEVs can be estimated at tree level by minimizing 
the potential. In particular, the VEV of the 0, which contributes to the Majorana masses 
of the heavy neutrinos, is consistent with the formulas above. 

Two things are different in this scenario from those previously considered and are worth 
stressing. First of all, postulating that neutrino mass is generated from the breaking of 
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the (new) U(l) symmetry down to Z5 has forced us to consider loop diagrams in order to 
generate neutrino masses. These introduce an extra suppression by about two orders of 
magnitude. Secondly the neutrino masses must come proportional to the couplings in the 
scalar sector cci and A 2 since they are responsible for LNV and the U(l) breaking. If these 
couplings are perturbative, they can easily account for some more suppression while still 
being natural. That is, this model predicts neutrino masses at a scale of new physics that 
is naturally the TeV scale with large Yukawa couplings. Since flavor violating processes 
appear at tree level as d = 6 operators, we expect new physics within the reach of near 
future experiments. 

A mored detailed discussion is beyond the scope of the current study. 
6 Summary and conclusions 

In this study, it has been demonstrated that neutrino mass can be generated from higher 
than d — 5 operators even at tree level if the Lagrangian is charged under a new U(l) or 
discrete symmetry to forbid the lower dimensional operators. It has been shown that new 
scalar fields need to be added in order to realize such mechanisms. We have focused on 
a Two Higgs Doublet Model (THDM) extension of the Standard Model (SM). The use of 
higher dimensional operators has allowed us to lower the new physics scale to close to the 
TeV scale, while having "natural" Yukawa couplings. 

Tree level decompositions of the d = 7 operator in the THDM have been discussed, which 
have led to implementations of the inverse see-saw mechanism. In this case, the smallness 
of the lepton number violating mass term emerges naturally as 0(v 2 /Anp)- Furthermore, 
both the (3, 3)-element and the (1, 3)-element of the inverse see-saw mass matrix can be 
easily generated independently, depending on the mediators used. 

All possible tree level decompositions of the d = 7 effective operator LLH u H u H d H u have 
been systematically studied to find possibilities for natural generalizations of the type I, II, 
and III see-saw scenarios. For example, our inverse see-saw scenarios have turned out to 
be two of the simplest generalizations of the type I see-saw mechanism. Even simpler 
generalizations with only two extra fields have been found for the type II see-saw. 

It has been also demonstrated that an even stronger suppression of neutrino mass can be 
achieved by d > 7 effective operators generated by tree-level-exchanges, or loop-generated 
d — 7 operators. One of our examples combines all three elements of modern TeV-scale see- 
saws: radiative generation of neutrino mass, small lepton number violation, and neutrino 
mass generation from a dimension seven operator. In this case, neutrino mass is proportional 
to the breaking of a continuous new U(l) symmetry to a discrete Z5. Even with order one 
couplings, the new physics scale is at a few TeV in this example. 

We conclude that there may be plenty of possibilities to implement a TeV scale see-saw 
mechanism generating higher than d — 5 effective operators as leading contribution to neu- 
trino mass, which we have studied within the framework of the THDM. The most promising 
of the UV completions of the effective operators lead to inverse see-saw scenarios with a 
natural explanation for the smallness of the LNV parameter. Our mechanism can also be 
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applied to SUSY models, which will be studied elsewhere [80]. 
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